To elucidate effective species and their quantitative requirements for reversible magnesium deposition, a triglyme solution of ethylmagnesium bromide (EtMgBr) complex was mixed with magnesium bis(trifluoromethanesulfonyl) amide/triglyme solution in various ratios. The mixed electrolyte characteristics have been assessed using electrochemical magnesium deposition tests, titration of methanol, and Raman spectroscopy. The existence of EtMgBr reduces the overpotential of magnesium deposition. The Coulombic efficiency of this process varies linearly with the EtMgBr content, although the active EtMgBr decreases more than expected from the mixing ratio. Raman spectra for the mixed electrolyte suggest a change in the structure of magnesium bromide species and coordination mode of magnesium by mixing of EtMgBr with magnesium sulfonylamide salt.
Introduction
Secondary batteries including magnesium metal negative electrode and non-aqueous electrolyte have been attractive as candidates for use as "post lithium-ion batteries" because of their high theoretical energy density per volume, abundance of resources, and improved safety because of the non-dendritic deposition nature of magnesium. [1] [2] [3] The reversible deposition-dissolution of magnesium, through the negative electrode reaction, is difficult to conduct in conventional non-aqueous electrolytes consisting of magnesium salts dissolved in aprotic polar solvents because of the high reactivity of fresh magnesium metal toward such solvents and the resultant surface passivation layer. The existence of such a passivation layer provides a great degree of difference of potential between magnesium deposition and dissolution. The potential difference has been recognized as overpotential on the negative electrode process. The overpotential constrains the selection of electrolyte materials.
Electrolytes containing halogens have been known to promote reversible magnesium deposition-dissolution with very low overpotential. [4] [5] [6] [7] [8] [9] [10] [11] [12] Particularly, ether solutions of alkylmagnesium halide complexes (Grignard reagents) show an ideal magnesium deposition-dissolution behavior with no overpotential and almost 100% Coulombic efficiency. 4 Moreover, the addition of Lewis acids R y AlCl 3¹y (R = alkyl group, y = 0-3) accept alkyl ligands to form complex anions. Therefore, they stabilize cationic magnesium halide species. 5, 6 Concentrated magnesium halide species, which are soluble in ether solvents, sometimes form multi-nuclear magnesium halide species (µ-complex). They are regarded as adsorbent magnesium surfaces. They aid the charge transfer of magnesium by changing ligands. 11, [13] [14] [15] [16] [17] [18] Despite these advantages, the high reactivity of alkylmagnesium halides and anodic instability of ether solvent (typically tetrahydrofuran THF) prevents this ideal system from use in practical batteries.
Among efforts to find stable and practically available electrolytes, a concentrated solution of magnesium bis(trifluoromethane sulfonyl) amide (Mg(TFSA) 2 ) in glyme has been attractive. According to recent reports, this electrolyte system promotes rather reversible magnesium deposition-dissolution with low overpotential and sufficient anodic stability at higher temperature than ambient temperature. 19 However, in the experience of the authors, the overpotential in this electrolyte remains high under certain conditions at room temperature. The Coulombic efficiency of magnesium deposition is rather low. For practical usage, further modification is necessary for this electrolyte. The incorporation of magnesium halide species is one means of modifying magnesium deposition properties. Indeed, the addition of magnesium chloride in Mg(TFSA) 2 /monoglyme(dimethoxyethane) appears to reduce the overpotential. 20 Because the solubility of magnesium halide might depend on the solvent properties, here the mixing effect of ethylmagnesium bromide (EtMgBr) dissolved in the same solvent has been investigated using electrochemical and spectroscopic methods. Raman spectroscopy has been used to elucidate the solution structures of non-aqueous electrolyte for lithium-ion and magnesium batteries. 15, [21] [22] [23] [24] [25] [26] The magnesium deposition behavior and solution structure of various mixed electrolytes have been compared. Results showing changes in the coordination structure by mixing EtMgBr and Mg(TFSA) 2 might provide information to facilitate the design of electrolyte systems for magnesium secondary batteries.
Experimental
Such chemicals as Mg(TFSA) 2 (battery grade; Kishida Chemical Co. Ltd., Japan) and triethylene glycol(triglyme: Electrochemical grade; Kanto Chemical Co. Ltd., Japan) were used without further purification. The triglyme solution of 1 mol dm ¹3 EtMgBr was specially prepared by Tokyo Kasei Kogyo Co. Ltd., Japan. The Mg(TFSA) 2 /triglyme solution was prepared by mixing Mg(TFSA) 2 in the corresponding mass to five times by mole to Mg(TFSA) 2 ; the molar concentration was approximately 1.5 mol dm
¹3
. Mg(TFSA) 2 / triglyme and EtMgBr/triglyme were mixed to the prescribed volumetric ratio. Titration tests for the mixed electrolytes were conducted using methanol (organic synthesis grade; Kanto Chemical Co. Ltd.) diluted by five times the volume of tetrahydrofuran (THF; battery grade; Kanto Chemical Co. Ltd.) containing 0.2 g dm ¹3 of 1,10-phenenthroline (Kanto Chemical Co. Ltd.). 27 These operations were conducted in a glove box filled with argon. The magnesium deposition-dissolution was assessed using cyclic voltammetry. A three-electrode cell with Au plate (the Nilaco Corp.) as working electrode, Mg alloy plate (AZ31; FujiSogyo Co., Ltd.) as a counter electrode, and Ag/Ag + by a silver wire immersed in 0.01 mol dm
AgNO 3 /0.1 mol dm ¹3 tetrabutylammonium perchloride/acetonitrile solution, counter electrode in PTFE body (BAS Inc.) was assembled in the Ar-filled glove box. The cyclic voltammetry was conducted using a potentiostat (1280; Solartron Analytical) under a scan rate of 5 mV s
¹1
, with the potential region between ¹4 and 1 V vs. Ag/ Ag + , at 298 K controlled using a temperature chamber (SU-220; Espec Corp.). Raman spectroscopy measurements were conducted using the following procedure. A small amount (ca. 2 cm 3 ) of these mixed solutions was taken in a sealed glass bottle in a glove box and put in a Raman spectrometer (Agility; BaySpec, Inc.). The Raman spectroscopic measurements were taken under the following conditions: 1064 nm laser with 450 mW of intensity, 200 cm ¹1 to 1650 cm ¹1 of scanned wave length, and 8 times estimation for data acquisition. It is noteworthy that the laser wavelength 1064 nm is infrared, having lower energy than the frequently used visible laser beam (532 nm). Therefore, it can reduce the probability of the decomposition of an unstable sample. The DFT calculations for EtMgBr species coexisting with dimethoxyethane (DME) were done using Gaussian 09W software with B3LYP level and the 3-21G * basis set, to estimate the assignments of Raman peaks. Raspwin software was used for Raman peak deconvolution.
Results and Discussion
Cyclic voltammograms in the mixed electrolytes of EtMgBr/ triglyme and Mg(TFSA) 2 /triglyme with various mixing ratios are shown in Figs. 1(a)-1(f ). A reduction current from ¹2.2 V vs. Ag/ Ag + and a corresponding oxidation peak assigned to the reversible magnesium deposition and dissolution, respectively, are observed. Although the starting potential of Mg deposition is ¹2.2 V, the onset potential of dissolution varies by the electrolyte composition. Triglyme electrolyte dissolution Mg(TFSA) 2 shows oxidation current of around ¹1.0 V. Dissolved EtMgBr engenders shift of the onset potential of oxidation current lower. The onset potential of the reduction current and the oxidation current meets for the mixing ratio of EtMgBr solution above 40%. Deviation between the reduction and the oxidation is assigned as the overpotential for the magnesium deposition-dissolution process. Alkylmagnesium halides have been known to reduce the overpotential when these are used as an electrolyte. A magnesium deposition-dissolution mechanism has been proposed, whereby some cationic magnesium halide complexes have mediated interface charge-transfer probes, preventing the formation of a passivation layer on the deposited magnesium. 13, 18 The change in the overpotential by the content of EtMgBr appears to correspond with such previous reports. The existence of EtMgBr reduces the overpotential, even for content as low as 17%. The overpotential becomes zero above 30 wt% of EtMgBr. Such an effect on the overpotential is regarded as originating from the existence of magnesium bromide complex. The Coulombic efficiency for magnesium deposition and dissolution is calculable from the integrated current densities for both processes. The calculated Coulombic efficiencies are shown against the EtMgBr contents in Fig. 2 . Efficiency in the Mg(TFSA) 2 /triglyme electrolyte is as low as 10%, as reported previously. The reason for such low efficiency has been regarded as the decomposition of TFSA anion on an uncovered magnesium surface. In contrast, EtMgBr/triglyme electrolyte provides efficiency of ca. 101%, probably including the contribution of anodic by-reactions. Magnesium halide adsorbed species might prevent by-reactions. In the mixed electrolytes of these solutions, efficiency roughly tends to increase linearly as the increase of EtMgBr, although the efficiency values deviate by the examination. Such a tendency suggests stoichiometric characteristics of the effect by magnesium halide species. A probable explanation is that the ratio of coverage by magnesium halide species on the magnesium surface corresponds to the content of EtMgBr in the electrolyte. A small tip of the oxidation current started from tens of millivolts above the equilibrium at negative scans also suggests such a partial coverage by halogen species: The effect might depend on the potential.
The "activity" of alkylmagnesium halides can be estimated by titration of methanol/THF solution containing 1, 10-phenanthroline indicator. The ratio of the titrated amount of methanol/THF in a given amount of a sample to that in a given amount of EtMgBr/ triglyme is displayed in Table 1 . For both cases, the ratios of active EtMgBr are markedly small compared with the expected values inferred from the mixing ratio. It is probable that EtMgBr reacts with impure water in Mg(TFSA) 2 /triglyme. However, the measured Electrochemistry, 84(10), 772-775 (2016) water content in Mg(TFSA) 2 /triglyme is as low as 100 ppm. Therefore, not all the activity decrease originates from reaction with water. The decrease of active EtMgBr by mixing is inconsistent with the magnesium deposition behavior.
Such a contradiction is expected to originate from the change in the structure of EtMgBr complex to a chemically stable one, but it is effective for magnesium deposition. To elucidate the magnesium solvation and magnesium-halogen complex structure, the solution structures of Mg(TFSA) 2 /triglyme, EtMgBr/triglyme and mixed electrolytes have been compared using Raman spectroscopy. The Raman spectra for an entire region measured for these electrolytes are shown in Fig. 3(a) . The spectrum of triglyme solvent has peaks at 292, 538, 801 (shoulder), 831, 931, 980, 1029, 1133, 1243, 1288, and 1447 cm ¹1 , all assigned to the bonds in alkyl and ether moieties. All these peaks are broad, indicating that the conformation change might occur frequently. EtMgBr/triglyme electrolyte provides a couple of additional peaks at 372 (shoulder) and 483 cm ¹1 to the spectra of the solvent. They are assigned to the deformation mode of O-Mg-Br. Mg(TFSA) 2 /triglyme enlarges and clarifies several peaks, and adds a sharp peak at 740 cm ¹1 assigned to CF 3 -symmetric deformation. 25 In addition, the peaks from triglyme are sharper in this electrolyte, probably because the motion of ethoxy moiety is limited by strong coordination with magnesium. The spectra of the mixed electrolytes have fundamental characteristics of the Mg(TFSA) 2 /triglyme. Herein, two attempts have been made to find the contribution from magnesium bromide species in the electro- ) are included in the former region. Ether solvation to magnesium, which is sensitive to the coordination status of magnesium, can be referred easily from an earlier report. The magnified spectra and the peak deconvolution results at the former region are presented respectively in Fig. 3(b) and Table 2 . Spectra for the mixed electrolytes appears to be similar to that for Mg(TFSA) 2 /triglyme. No peak is observable at 483 cm ¹1 from Fig. 3(b) . The peak deconvolution for these mixed electrolytes gives a peak fraction of approximately 453 cm
¹1
. These values are further deviated and assumed as different band from the 483 cm ¹1 for EtMgBr solution. The spectra of 750-950 cm ¹1 are presented in Fig. 3(c) . According to a previous report, the C-O-C stretching of free glyme molecule gives a peak near 860 cm ¹1 with shoulder fractions at a lower wavenumber, and shifts to a lower wavenumber by the coordination of ether oxygen with magnesium together with a branch at high wavenumber around 890 cm ¹1 . 25 In this study, triglyme solvent shows a peak at 850 cm ¹1 with shoulders at 802 cm ¹1 and 830 cm
. The lower shift of the peak by the dissolution of Mg(TFSA) 2 salt is not significant, although a branch is observable at a higher wavenumber (880 cm
). EtMgBr/triglyme gives a similar peak shape to Mg(TFSA) 2 /triglyme, indicating that the coordination status of magnesium by glyme in EtMgBr/triglyme resembles that in Mg(TFSA) 2 /triglyme. Actually, the mixed electrolytes of EtMgBr/triglyme and Mg(TFSA) 2 /triglyme show different peak structures. The branch at a high wavenumber is not shown. The main peak shifts to a lower wavenumber. The coordination states of magnesium are changed in these mixed electrolytes.
Similar to the stabilization effect of a Lewis acid to alkylmagnesium halides by the coordination of alkyl moiety with aluminum, Mg(TFSA) 2 can be assumed to play the role of a Lewis acid and to accept ethyl ligand. Such stabilization can reduce the active EtMgBr species while retaining the contents of magnesium bromide species, although the bromide complex structure might change. It would be 2 were to show a stabilization effect on alkylmagnesium halide. The validity of this hypothesis can not be confirmed merely from the results presented herein because the apparent structural change is rather minor. Additional studies must be conducted to assess the stabilization of alkylmagnesium halide by a stable magnesium salt.
Conclusion
The magnesium deposition-dissolution properties in the mixed electrolyte of EtMgBr/triglyme and Mg(TFSA) 2 /triglyme depend on the electrolyte composition. The overpotential is decreased by the existence of EtMgBr. Furthermore, the Coulombic efficiency increases linearly by the increase of EtMgBr content. The amounts of reactive EtMgBr in various mixed electrolytes were less than the expected values from the mixing ratio, suggesting a reaction of EtMgBr with Mg(TFSA) 2 /triglyme solution. Raman spectroscopy reveals that the kind of magnesium halide species and the coordination mode of Mg by glyme are changed remarkably by the mixing of EtMgBr with Mg(TFSA) 2 . Electrochemical and spectroscopic results demonstrate that a part of EtMgBr is stabilized by Mg(TFSA) 2 , although it retains effectiveness for magnesium deposition processes.
